Abstract. The Medipix All Resolution System (MARS) system is a commercial spectral/multi-energy micro-CT scanner designed and assembled by the MARS Bioimaging, Ltd. in New Zealand. This system utilizes the state-of-the-art Medipix photon-counting, energy-discriminating detector technology developed by a collaboration at European Organization for Nuclear Research (CERN). In this paper, we report our preliminary experimental results using this system, including geometrical alignment, photon energy characterization, protocol optimization, and spectral image reconstruction. We produced our scan datasets with a multi-material phantom, and then applied ordered subset-simultaneous algebraic reconstruction technique (OS-SART) to reconstruct images in different energy ranges and principal component analysis (PCA) to evaluate spectral deviation among the energy ranges.
Introduction
In a conventional x-ray computed tomography (CT) system, the x-ray source has a broad energy spectrum, and the detector is a digital integrating sensor whose output is proportional to the energy fluence integrated over the entire incidence spectrum. Given that x-ray attenuation is dependent both on the object material and photon energy, a conventional x-ray CT detector loses some of the attenuation hardware, peripheral electronics, and viewing software. The system provides a significant, new platform for biomedical imaging research by accurately differentiating atomic and density variation within the imaging tissues. The MARS system employs a Medipix detector which allows up to eight simultaneous energy sampling thresholds (bins) from a single exposure. The Medipix detector is a photon counting system with selectable thresholds, which depends on a threshold equalization mask to adjust each pixel to record different energy photons. The active area of the Medipix detector is 14 × 14 mm, comprising 256 × 256 pixels with each pixel covering an area of 55 × 55 μm.
Spectroscopic experiments
X-ray K-edge imaging involves capturing attenuation characteristics on both sides of the K-edge in the attenuation profile. Typically, materials of a relatively high atomic number are employed, thus we chose two contrast agents: 5% iodine solution (Fig. 1a) and 30% barium sulfate solution (Fig. 1b) . First, we adjusted the energy thresholds and exposure times for the Medipix detector, and captured projections at different energy thresholds (ranges). Then, we calculated attenuation coefficient at the various energy thresholds, and generated attenuation-versus-energy plots. The attenuation coefficient projection in one energy level could be described (using Beer's law) as:
where I L and I H are the photon counts from the Medipix detector using low and high energy thresholds after passing through the imaging object, respectively. For a given energy threshold, the Medipix detector counts all the incident photons whose energy is above the energy threshold. I L0 and I H0 are the corresponding values without the imaging object.
Phantom experiments

Phantom design
A multi-material phantom was designed as a 3.0 cm diameter cylinder (Fig. 2) . The phantom is composed of bone-equivalent plastic, soft-tissue-equivalent plastic (Polymethyl Methacrylate, PMMA) and contrast agents (iodine and barium sulfate). The phantom's iodine solution (∼ 1.5% concentration) was contained by a plastic tube, and the barium sulfate inside the phantom was mixed into paraffin wax (1:4 barium sulfate to paraffin wax). 
Image reconstruction
The advanced reconstruction algorithm OS-SART is employed to reconstruct multi-material phantom images. In the following, we present a summary of the OS-SART method [13] .
It has been widely accepted in the CT field that the image reconstruction can be modeled as a linear system
where
is the measurement matrix, and I and J are integers. The algebraic reconstruction technique (ART) is the first iterative algorithm used for CT image reconstruction, which can be expressed as
where n represents the iterative number, i = n mod (I) + 1,
A 2 ij is the Euclidean norm of the i th row of A. The simultaneous ART (SART) is a major refinement to the ART:
Note that a i+ = 0 means that the measure b i is informative; and a +j = 0 indicates that the unknown x j is observable. In recent years, some advanced techniques have been developed to accelerate the iterative reconstruction algorithms, among which the ordered-subset (OS) scheme is very attractive. As a result, the SART algorithm can be accelerated by the OS scheme and results in the OS-SART approach. To formulate an OS versions of the SART technique, we assume that the index set B = {1, · · ·, I} can be partitioned into nonempty disjoint subsets
where L(t) is the number of indexes for the t th subset. One possible version of the OS-SART formulation can be expressed as
where [n, T ] = n mod T + 1. The convergence of the OS-SART algorithm has been demonstrated and well accepted in the CT field [14] .
Principal component analysis
The introduction of an energy-discriminating detector allows the production of color CT images. Energy dependent, or spectral, images can be produced using data collected in a particular energy range (with a color linked to a given energy range). The x-ray attenuation of a particular material depends on the energy of the transmitted photons. Images produced using data obtained in a various energy ranges will cause certain materials in the object to become more apparent, depending on the material's attenuation characteristics.
We hope to extract and quantify this additional information using PCA, which is an algorithmic process that quantifies the importance of, and relationships between, certain features in a data set. In the context of spectral CT image analysis, PCA aims to distinguish the materials which comprise the imaged object. For PCA, we assume that k spectral imagesx 1 
The spectral images should be 'centered', by subtracting the 'average' image as follows,
(so that the rows of F correspond to the centered spectral images). The goal of PCA is to find a linear transformation Y = PF to maximize the variance in contrast materials, where P is a transformation matrix and the rows of Y are the transformed images. Initially F is known, but P must be determined before Y can be found. The additional constraint is that the matrix Y should satisfy
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Where C Y is a diagonal matrix. To construct the matrices Y and C Y we consider the covariance matrix corresponding to the centered spectral images
Looking at the eigenvalues of E we can determine the principle components. Using the well-known singular value decomposition method, the matrix P in the diagonalization
gives the approximate matrix Y. The rows of Y can be used to render the color image.
Experiment results
K-edge analysis
Our preliminary K-edge testing experiments used samples of iodine and barium sulfate imaged at 12 energy windows between 25 keV and 40 keV. Figure 3 is an example of the iodine tube attenuation coefficient projection in one energy window, using Eq. (1). An average projection in a square region was calculated, which is proportional to the iodine solution attenuation coefficient in this energy window. The final attenuation-versus-energy plot is shown Fig. 4a . Using the same method, the attenuation-versusenergy plot of barium sulfate shown in Fig. 4b . From Fig. 4 , one can see that the attenuation-versus-energy plots are consistent with the theoretical counterparts (Fig. 5) . However, one may also notice wider Kedges compared to the theoretical counterparts. This is caused by the finite width of the energy window, the inaccurate relationship between the system threshold and the x-ray energy level. Nevertheless, the MARS micro-CT system provides significant attenuation information at different energy windows for the imaged materials, which can help to distinguish different material components in a way that is impossible using conventional x-ray CT systems. 
Image reconstruction
The aforementioned multi-material phantom is scanned at four energy thresholds (25 keV, 30 keV, 35 keV and 40 keV), and reconstructed by the OS-SART method. Recall that the energy threshold counts all incident photons at the defined energy and above. Figure 6 shows the reconstructed images of the central slice in the four energy thresholds. Figures 6a and 6b are the slices at 25 keV and 30 keV, respectively, which include the K-edge of iodine and barium. Figure 6c is the slice above 35 keV, which only includes the K-edge of barium. Figure 6d is the slice above 40 keV which doesn't include a K-edge from either material. From Fig. 6 , we can visually observe that the grey values of same material sub-regions are different, which reflects the dependency on the spectral detection of the material attenuation coefficients. Hence, it is possible to distinguish different materials despite having similar Hounsfield values. 
PCA results
PCA has a better performance in evaluating the spectral dataset, and is applied to extract relevant information from the reconstruction images at four energy levels in Fig. 6 . The images corresponding to the first three maximum eigenvalues are shown in Figs 7a-c; these images are linearly mapped into the RGB space to generate the true-color image in Fig. 7d , where there are several distinct material sub-regions in the image.
Discussions and conclusion
The geometry alignment is an indispensable step before the use of any CT system. If the CT geometry is not well aligned, the reconstructed images will suffer severe artifacts. For the geometry alignment of the MARS CT scanner, there are three major issues: (1) the initial detector array center does not coincide with the x-ray beam center; (2) the axis of the imaging sample isn't the rotation axis of the MARS CT system, which is disassembly to upgrade hardware; (3) the detector size (14 mm × 14 mm) is very small, and the detector array usually cannot cover the entire sample. To calibrate the detector array center to the x-ray beam center, we utilized the sinogram center offset to determine the detector array position. To obtain an untruncated sinogram, we combined several detector arrays at different positions to cover the whole imaging sample. The same procedure is repeated to reduce measurement errors.
There were a few defective/bad pixels in the Medipix detector array of the MARS system. These pixels generated salt-pepper noise in the projections, and resulted in artifacts in the reconstructed images. There were mainly two types of noise in our projections, and they appeared as vertical lines and highlights in a sinogram. A vertical line in the sinogram could introduce ring artifacts in the reconstructed images, and highlights in a sinogram could result in linear artifacts. Therefore, it is necessary to remove the noise in the sinograms before image reconstruction. To eliminate highlights in a sinogram, we first identified them according to grey value deviations among their neighboring pixels, and used the mean grey value of the neighboring pixels to replace the highlight pixels. To reduce vertical lines in a sinogram, a frequency filter method is employed [20] . Although this frequency filter could remove the vertical lines efficiently, some additional noise is introduced into the sinogram. To further suppress this noise, we calculated the noise level in a background sub-region, and subtracted it from the sinogram after the frequency filter step. In the spectral dataset analysis, the PCA method was applied to extract the first three eigenimages from the reconstruction images at different energy thresholds. This helped to reduce noise and artifact in the final true-color image (Fig. 7d) .
For human vision, objects appear as different colors depending on the wavelength of reflected visible light; variations that are detectable in color images may disappear in corresponding grey images. For instance, it is very difficult to distinguish the autumn and spring leaf hues in grey images. Because the spectral/multi-energy CT can capture x-ray spectral attenuation information, and thus can be used to distinguish between materials that would otherwise be difficult or impossible to differential with conventional CT images. To render the reconstructed images at different energy thresholds, the PCA method was employed to extract the first three eigenimages, and the eignimages were linearly mapped as the R, G and B components in a color space. In the future, we will try more complicated PCA schemes to map the eignimages to the HSV color space based on the chromatology principle, which can adjust the principal component's brightness to help estimate the color information.
In conclusion, the MARS-CT system is an important platform for spectral CT research and development. Because this system can help to distinguish components in complicated substances, it has a great potential for pre-clinical and clinical applications, including but is not limited to tissue characterization and contrast studies. Preliminary experimental results are reported to demonstrate the utility of the MARS-CT system. We hope our experiences will be of utility to our peers, and further enhance the research and development of spectral CT.
Appendix
Geometrical alignment
The MARS CT unit consists of a rotating gantry holding an x-ray source and a Medipix detector on two opposite sides of the rotational axis (see Fig. 8 ). Because the detector covers an area of 14 × 14 mm, the MARS system is in typical cone-beam geometry. Due to the inconsistency between the centers of the detector array and the x-ray beam, it is necessary for us to determine the relative positions among the x-ray source, the imaging object and the detector plane with physical phantoms (e.g. a metallic pin). First, we estimate the axis of rotation in the sinogram and find the horizontal central plane. Then, we calculate the distance from the x-ray source to the system origin and the distance from the system origin to the detector from various projections.
To determine the detector to axis distance and x-ray source to axis distance, we need to find the horizontal central plane and vertical central plane of the cone-beam geometry. Because the x-ray source and detector have been aligned and fixed in the rotating vertical plane, we can consider the vertical detector central plane is the rotating plane and only need to find the horizontal detector central plane. We extract the sinogram of an imaging slice and use it to approximately calibrate the detector position. Figure 9a is a sinogram example captured by a full circular scan with a step of 2 degrees. While the solid line is the center of detector, the broken line is the center of the sinusoid. If the imaging slice is in the central plane of the cone-beam geometry, the sinusoid center should be the center of the x-ray beam. We can calculate the distance between the centers of sinusoid and the detector to adjust detector position (Camera Translation in Fig. 9b ). After we calibrated the detector position, the horizontal center of the detector is the horizontal center of cone-beam geometry, and the Camera Translation in Fig. 9b is approximately 72.4 mm.
After we determined the horizontal central plane of the cone-beam geometry, we put a physical phantom (a metallic pin) in the vertical central plane containing the vertical central line of the detector array. To maintain the pin's position in the vertical central plane of the cone-beam geometry, we used a wire to keep the pin vertical. Then, we calibrated the central line of the pin projections (Fig. 10) to position the vertical central line of the detector array; we used the detector position, x-ray source position and sample position to determine the detector to axis distance and x-ray source to axis distance. Figure 11 is the geometry of detector position, x-ray source position and sample position when we fixed the x-ray source position. In Fig. 11, d 1 is the distance between the x-ray source and the rotating axis, d 2 is the distance from the detector to the rotating axis, h is the length of the pin, h 1 and h 2 are the (Table 2) . Second, we fixed the detector position and moved the x-ray source to 10 different positions, and computed another 10 groups of lengths (Table 3) .
In Tables 2 and 3 , the source position (SP) is the x-ray magnification and the detector position (DP) is the camera magnification (shown in Fig. 9b ). Finally, we calculated the average distances according to 
